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ABSTRACT 

'The  claims  of  substantially  enhanced  superconducting  transition 
temperature,  T^,  and  upper  critical  field,  judged  implausible. 

This  conclusion  was  reached  by  comparing  the  claims  with  what  is  theoreti¬ 
cally  expected  using  current  theories,  experimental  results,  and  concepts 
of  superconductivity  of  high-T^  material.  However,  the  Battel le  approach 
holds  some  promise  of  achieving  both  good  mechanical  and  good  supercon¬ 
ducting  properties  in  a  practical  conductor.  AC  losses  and  proximity  ef¬ 
fects  in  the  composites  need  careful  consideration  in  the  evolution  of  a 
practical  composite  conductor. 


1 .  INTRODUCTION 


1.1 

All  evaluation  is  presented  of  recent  claims  of  substantially 

enhanced  supe  rconduct  i  properties  found  in  composites  fonned  with  high- 

T  sma  1 1  part  ides  di  spersed  in  a  metallic  matrix.  These  composites  are 

f  1 1 

produced  by  the  inventions  described  in  II.  S.  Patent  No.  4,050,147  and 

(2) 

in  related  Cerman  patent  disclosures.  A  summary  of  this  evaluation, 
datevl  January  25,  1978,  was  submitted  earlier  to  AFOSR. 

1 . 2  Battel le  Inventions 

At  Battc 1 Ic- Frankfurt  a  whole  host  of  inventions  (patent  dis¬ 
closures)  was  generated  by  H.  Winter,  all  apparently  stimulated  by  the 
original  Tsuei  wire,  a  composite  conductor  containing  Nb^Sn  discontinuous 

(4) 

filaments  in  a  Cu  (bronco)  matrix.  The  latest  disclosure  and  the  cor¬ 
responding  1).  S.  patent  cited  in  Section  l.l  described  an  arc-plasma  pro- 

o 

cess  of  generating  A15  or  B1  microparticles  (aerosol si  of  100  to  500  A 

diameter,  the  coating  of  these  particles  with  copper  by  arc  plasma  or 

(1  2) 

other  methods,  compacting  and  extruding  into  tubes  and  wires.  ’ 

Table  1  summa rices  composite  jiroperties  that  were  reported  by  Battel le. 
For  comparison  Table  2  gives  the  properties  of  high-T^^  superconductors 
that  are  widely  accepted.  The  enhancement  of  A15  T^,  and  values  com¬ 

pared  with  those  of  Table  2  was  such  that,  if  true,  it  would  amount  to  a 
revolutionary  breakthrough  in  superconductivity.  The  impact  uj^on  tech¬ 
nology  would  be  enormc^us  since  most  present  problems  and  limitations 
won  Id  be  c  f  f  e  c  t i ve 1 y  re mo  ved . 

The  Battel le  material  differs  in  at  least  two  essential  ways 
from  the  materials  of  other  ductile  small  particle  or  discontinuous  fila¬ 
ment  comp(')site  conduct  ors .  ^  ^  '  The  superconductor  is  initially  produced 


Properties  of  Battelle*s  Composites 


No  degradation  upon  straining. 


as  small  particles  (100  to  500  A)  which  even  without  mechanical  reduction 
are  smaller  in  size  than  the  filaments  in  other  composites.  It  also  was 
formed  as  a  uitrapure  stoichiometric  compound  while  for  the  other  ductile 
conductors  the  A15  was  formed  in  situ  by  solid  state  diffusion  of  Sn 
through  or  out  of  a  matrix  into  dispersed  Nb  particles.  In  the  latter 
process,  the  conversion  of  Nb  to  Nb3Sn  may  be  incomplete  and  the  Cu-Sn 
matrix  may  still  contain  Sn  ^'impurities"  limiting  its  conductivity.  The 
outstanding  superconducting  properties  are  presumably  based  on  the  small 
particle  size.  A  monotonic  increase  in  T^,  Hc2  critical-current  den¬ 
sity,  J^,  with  decreasing  particle  size  was  claimed. 


Table  2 

Typical  Properties  of  High  T^  Superconductors 


-  ’1 

Group 

Nominal 

Formula 

Tc 

K 

Hc2  (4.2  K) 
tesla 

1 

Filamentary 

J  (12  T,  4.2  K) 
10^  A  m-2 

14 

'V  20 

.3  to  10 

^  17 

20 

A15 

17  to  18 

19  to  20 

1  to  2 

NbsAl 

18  to  19 

30 

Nba  (AlaGe) 

20 

1 

'v  40 

NbaGa 

'V  20 

30 

NbaGe 

^  22 

3r^  to  40 

B1 

NbN 

15  to  16 

13  to  32 

Nb  (C.N) 

17  to  18 

10  to  20 

^  ^  Scope  of  liva  I  nation 

It  is  certainly  true  that  some  superconducting  properties  are 
different  for  a  material  in  bulk  form  and  in  small  particle  form.  It  is 
well  established  that  the  magnetic  behavior  in  the  superconducting  state 


(7^) 

is  different  for  the  two  sample  forms.  The  size  of  the  critical  cur- 

f  8  91 

rent  without  dispute  depends  on  grain  size  (see  Figure  1).^  *  ^  Most  re¬ 
searchers  accept  that  large  changes  in  the  superconducting  transition 

temperature  T  occur  when  some  bulk  materials  with  low  T  ’s  are  prepared 

^  ('10')  ^ 
in  small  particle  form.  Apart  from  Winter’s  claims,  no  results  are 

reported  of  any  increase  of  brought  about  by  fabricating  a  high-T^ 

compound  in  small  particle  form. 

Since  it  is  difficult  to  theoretically  predict  T  in  most  mate- 

c 

rials,  it  is  not  possible  to  dismiss  or  accept  the  Winter  results  in  a 
clean,  clear-cut  way.  What  has  been  done  is  to  critically  review  the 
claims  using  established  thinking  on  high-T^  materials.  The  claims  will 
be  compared  with  what  is  theoretically  expected  using  current  theories, 
experimental  results,  and  notions  of  superconductivity  of  the  AlS’s  and 
Bl’s. 


Inverse  Grain  Size,  l/d,  (|jm) 


Fig.  1  -  Critical  current  density  vs  inverse  grain  size  for  diffusion 
processed,  filamentary  wires  of  Nb^  Sn .  Ga  and  Si ;  after 

Livingston.^ 


2.  T  -ENHANCE^IENTS 
c 

2 . 1  General 

The  explanation  of  superconductivity  is  based  on  an 

attractive  interaction  between  two  electrons.  In  contrast  in  a  non¬ 
superconducting  state  electrons  repel  each  other  rather  than  attract  each 
other.  The  attraction  results  from  one  electron  polarizing  the  lattice 
near  the  second  electron.  This  is  called  the  "phonon  mediated"  or  "plain 

phonon"  mechanism.  The  detailed  interpretation  of  a  large  number  of  ex- 
f  12') 

periments  leads  one  to  accept  this  phonon  mechanism  and  no  other. 

(13) 

Many  other  sources  of  attraction  are  proposed  but  all  lack  experimen¬ 
tal  verification  and  can  be  safely  ignored  for  this  appraisal. 

Many  T^-enhancement  theories  or  proposals  abound  even  within 
the  conventional  phonon  framework;  of  these  only  the  lattice  softening 
mechanism  (a  decrease  in  the  average  vibrational  frequency)  is  experimen¬ 
tally  supported. This  appears  to  be  the  mechanism  that  motivated 

FI,  Winter.  A  theoretical  basis  for  believing  that  lattice  softening 

(14) 

leads  to  high-T^  superconductivity  was  provided  by  McMillan.  The  un¬ 

critical  use  of  McMillan’s  formula  does  indeed  predict  large  T^’s  on 
softening.  However,  more  careful  evaluation  shows  that  "softening"  can 
result  in  either  a  positive  or  a  negative  change  in  T^. 

The  sensitivity  of  T  to  lattice  softening  was  carefuuly  studied 
(15)  ^ 

by  Bergmann  and  Rainer.  Though  they  did  not  study  the  AlS’s  or 

nitrides,  one  can  use  their  work  to  assess  the  possibility  of  T^  enhance¬ 
ment  in  general  and  specifically  for  interesting  high-T^  materials. 

2 . 2  McMillan  Formulation 

Current  discussions  about  high-T^  materials  are  in  terms  of  X, 
n,  E(w)  which  can  best  be  introduced  through  the  Mc'li Ilian  interpola¬ 
tion  formula  for  T 

c 


where  u*  ^0.1  to  0.2.  The  electron-phonon  coupling  parameter  X  is 


X 


.  f 


a^F(w)  doa/(jj 


(2) 


The  ot^  F({jo)  is  the  spectral  function  of  the  attractive  interaction  and 
depends  on  microscopic  material  details.  Under  favorable  conditions 
F(aj}  can  be  obtained  from  tunneling  experiments  though  it  is  not  avail¬ 
able  in  sufficient  detail  for  most  high-T^  A15.  Results  for  fine,  clean 
particles  also  do  not  exist.  In  some  cases  a^F(a))  is  derived  from  a 
phonon  density  of  states  using  an  a^F((ja)  which  is  assumed  or  calculated. 
This  latter  density  of  states  which  is  obtained  from  neutron  diffraction 
experiments  is  available  for  an  increasing  number  of  materials  including 
many  of  the  A15*s,  and  Bl*s.  Theoretical  calculations  of  a^F((jj)  are 
still  unreliable  for  T^  predictions.  The  remaining  quantity  in  McMillan’s 
formula  is  the  moment 


/  a^F(u))  dco 
/  a^F(co)  doj/u) 


(3) 


McMillan  showed  that  X  can  be  written  as  (M  is  some  weighted 

ion  mass) 


N(0)  <I^>  ^  r) 

M  <to^>  M  <{A)^> 


(4) 


where  n  is  a  pure  electronic  property  and 


(5) 


_Ji 


f  dai'jj  ot^F 
/  doj  a^F/u) 


which  is  mainly  vibrational. 


2 . 3  Lattice  Softening  Tq-  Enhancement  Mechanism 


The  lattice  softening-T^  enhancement  theme  is:  while  keeping 

n  constant  decrease  and  thereby  increase  X  and  T  .  Lattice  soften- 

c 

ing  can  be  accomplished  by  producing  small  particles  in  which  the  atoms 
on  the  particle  surface  are  bound  by  a  smaller  number  of  chemical  bounds 
to  the  interior  atoms  which  results  in  decreased  force  constants.  When 
a  large  fraction  of  the  atoms  in  a  samples  are  on  or  near  the  surface  as 
in  very  small  particles  the  average  vibrational  frequency  is  lowered  by 
an  amount  sufficient  to  shift  the  weight  ot^FCw)  to  lower  frequencies. 

The  parameter  X,  Lq.  (2)  is  very  sensitive  to  low  frequencies.  A  T^  en¬ 
hancement  interpreted  as  from  lattice  softening  was  observed  in  isolated, 

°  •  Cl 61 

clean  A1  and  In  fine  particles  of  100  A  diameter.  In  the  same 

work,  no  change  in  T^  was  observed  in  Pb,  Table  5  contains  the  enhance¬ 
ment  factors  T^/T^Cbulkl  for  a  group  of  elements . 


The  first  observation  drawn  from  Table  3  is  that  amorphous 
superconductors  show  the  largest  T^-enhancements  when  there  are  enhance¬ 
ments.  However,  experiments  show  that  the  highest  T^  in  an  A15  compound 
is  obtained  for  an  ordered,  stoichiometric  material .  In  most  Nb- 

based  compounds,  a  measure  of  this  state,  besides  the  high-T^,  is  a  mini¬ 
mum  lattice  parameter  (see  Figure  2).  An  exception  is  that  Nb-rich  A15 
Nb-Sn  may  have  a  small  lattice  parameter  than  the  stoichiometric  compound. 
These  experiments  include  anncaling^^^  and  radiation  damage  studies. 
Because  of  this  strong  correlation  between  order  and  high-T  for  the  AlS’s, 
T^ -enhancement  through  softening  by  forming  amorphous  materials  is  not 
viable  for  these  materials.  This  leaves  softening  through  surface  effects 
in  small  particles  as  the  only  reasonable  T^-cnhancement  mechanism. 


L 


Lcj-^rd:  IP,  isolated  particles,  TF,  thin  films.  O2 ,  evaporation  in 

oxygen.  LTD,  low- temperature  deposition,  LTD,  TF,  low- temperature  depo¬ 
sition,  very  thin  films.  LTD,  C,  low-temperature  co-deposition  with  or¬ 
ganic  molecules,  oxides,  semiconductors,  semimetals,  or  metals. 


To  study  the  plausibility  of  this  mechanism  we  list  some  prop¬ 


erties  of  the  AIS  and  B1  materials  in  Table  4. 


Table  4 

Materials  properties  and  parameters  used  in  T  -enhancement 
calculations.  is  the  bulk  lattice  constant  and  the 

superscript  b  denotes  that  the  items  are  bulk  quantities. 


’  1 

1  0  1 

1  0 

i  ^  ’ 

^  h 
c 

K 

f - 

u 

V^Si 

1  1 

!  4.722  ' 

17.00 

1.28 

0.16 

!  4.722 

( 

17.00  1 

1.10 

1 

0.20 

\T)-:iSn 

!  5.289 

1 

18.00  ' 

1 .  .50  ' 

0.  20 

NbN 

i  4.599 
! 

14.94  1 

1 

0.82  1 

1 

0.10 

NbN'Q  79 

Co_i7  ;  4.420 

1 

!  17.60  1 

1  1 

0.92  1 

1 

0.10 

1 

■  ■  '  J  -  J  Tl  •  -  -  ■  -  - 

L  .  .  .  -1 
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The  X  listed  arc  derived  from  McMillan*s  formula  and  depend  on 

(22) 

the  choices  of  u*  and  Debye  temperature.  Superconducting  tunneling 

(2S) 

data  provide  a  consistent  set  of  u* ,  X  and  <w>,^  ^  Tunneling  data  arc 

not  available  for  many  d-  and  f-band  materials  for  the  practical  reason 

that  they  are  difficult  to  prepare  pure  and  their  short  coherence  length 

('231 

makes  results  sensitive  to  surface  impurities.  The  materials  listed 

are  the  ones  that  Winter  has  claimed  to  have  unusually  enhanced  mechani¬ 
cal  and  superconducting  properties, 

2, 4  Finhancement  Model  Based  on  McMi Ilian  Formula 

All  materials  listed  in  Table  4  have  a  X  ^  0.8.  For  the  mate¬ 
rials  listed  in  Table  3,  the  measured  T  -enhancements  decrease  with  in- 

c 

creasing  X  and  are  nonexistent  for  the  large  X.  A  simple  model  used  bv 
(241 

Matsuo  et  al .  for  their  T^- enhancement  experiments  on  Sn,  A1  and  Pb 
small  particles  (see  Table  3)  is  now  applied  to  Winter*s  materials  and 
particle  sizes.  The  results  of  this  model  for  Sn,  Al ,  and  Pb  are  consis¬ 
tent  with  the  decrease  in  T^-enhancement  with  increasing  X. 

The  details  of  the  derivation  of  the  enhancement  factor  can  be 

found  in  Ref.  24  and  is  based  on  McMillan’s  formula  [liquation  (11]  and 

9  (251 

expressions  for  and  >  from  Dickey  and  Paskin.  These  moments 

for  small  particles  are  decreased  or  softened  because  of  the  decrease  in 
force  constants  coming  from  a  decrease  in  the  number  o^  nearest- 
neighbors  of  atoms  near  the  surface.  Results  for  different  size  parti¬ 
cles  arc  shown  in  Figure  3. 

An  important  assumption  in  all  the  softening-enhancement  models 

and  in  the  simple  model  we  use  is  that  in  the  expression  X  =  n/M  <a)^>  n 

is  taken  as  nearly  or  completely  unchanged  when  the  lattice  exnands. 

This  assumption  was  an  extension  of  McMi Ilian’s  observation  that  n  is 

nearly  constant  within  a  given  class  of  materials.  The  parameter  p*  is 

also  assumed  unchanged  in  this  model.  Putting  aside  for  now  the  validity 

of  this  assumj’Jtion  on  for  the  materials  in  Table  4,  the  whole  change  in 

*  is  from  a  chani^e  in  .  and  the  change  in  T  is  from  changes  in 

‘  c 

and  . 


i: 


694399- 


Particle  Diameter,  (A) 


Table  5  compares  the  T  of  Winter  and  Sethna^^*^^  and  the  T 

^  (23')  ^ 

derived  theoretically  from  Matsuo  et  al .  Winter's  Nb3Sn  values  are 

to  quote  Reference  6,  "the  resulting"  or  "showed  the"  superconducting 
property  listed.  The  V3Si  "showed  superconducting  fluctuations  already 
at  29  K."  In  all  cases  these  data  far  exceed  the  theoretical  prediction 
One  could  speculate  on  the  divergence,  but  without  an  independent  check 
on  the  experimental  results  one  tends  to  distrust  the  claims.  There  is 
also  a  complete  lack  of  discussion  by  Battelle  on  little  things  like  ex- 
perimental  details  of  T^  measurements.  One  is  aware  that  in  a  well 
equipped  and  expertly  staffed  low-temperature  laboratory  these  measure¬ 
ments  are  routine,  however  startling  results  (even  proprietary  ones)  re¬ 
quire  for  their  belief  a  detail  exposition. 


2 . 5  n  and  T^-Enhancement 


The  theory  used  to  generate  T^/T^  in  Figure  3  and  Table  5  does 
not  incorporate  any  difference  in  n  between  the  bulk  and  a  small  particle. 
A  small  particle  of  a  material  should  have  a  lower  density  (larger  lat¬ 
tice  constant,  large  molar  volume)  than  the  same  substance  in  bulk  be¬ 
cause  of  the  lattice  relaxation  (expansion)  accompanying  softening.  This 
may  have  a  large  deleterious  effect  on  T^. 

(26  27) 

llopfield  ’  observed  that  in  the  A15  Nb3Sn  the  Nb  atoms  are 
closer  together  than  in  the  element  Nb  and  suggested  this  as  the  origin 
of  the  large  increase  of  n  for  Nb3Sn  over  those  of  Nb.  A  rough  dependence 
of  n  (molar  volume)  seems  to  hold  for  the  AlS’s  and  for  V  and  Nb. 

The  decrease  in  n  in  small  particles  because  of  relaxation  if  large  enough 
could  overcompensate  for  a  decrease  in  because  of  softening  with  a 

resulting  overall  decreased  ^  (and  T^) .  The  situation  in  the  AlS's  with 
respect  to  the  assignment  of  dominance  for  high-T  to  soft  modes  or  elec¬ 


tronics  (n)  i admittedly  far  from  simple  or  clear 


(23) 


14 


Table  3 

Comparison  of  Winter's  Data  from  Table  4  with  Theoretical 
Results.  Calculations  for  B1  Compounds  are  also  Included. 


Coulomb  pseudopotential. 


Low  Fre(|uency  Phonon  Iffects  on  \\: 

The  analysis  in  Appendix  A,  crude  as  it  is.  indicates  that 
soften  i  711^  that  mav  exist  in  Winter's  A  IS  J77atcria]s  will  chan.t»e  ne^li- 
i;il>ly.  rhe  nitride  and  carbide  composites  will  behave  s i mi  1  arl y .  ^ 

d  .  P  ro  X  i  m  i  t^  I .  f  f  e  c  t  s  ^  ^  ^ 

I’hesc  effects  can  only  lower  the  of  con;posites  like 
Battel le's  The  usual  configuration  for  experimental  and  theoretical 
studies  of  these  effects  is  a  sandwicli  of  two  metals  e\a)io rated  oik  onT<.) 
the  other.  One  metal  is  supe  rconduct  i  ni;  in  bulk  fS),  the  otlier  is  ?u;rmal 
or  onl>'  weakly  superconducting  (N).  I'he  T^  of  the  sandwich  is  lower  than 
that  of  the  hiyher-T^,  superconductor  alone,  the  decrease  depending  on  the 
thicknesses,  D..  and  1),,  of  the  two  films  (see  lieures  8  and 

■N  S 

The  Battel le  material  is  a  composite  with  iujiated  supcrcon- 

ductini:  particles  dispersed  uniformlv  in  s  normal  metal  matrix.  Uouphly 

In-  volume  is  supe rconduct c>r  in  the  best  material.  To  estimate  the 

decre.ico  in  T  ,  this  configuration  is  replaced  bv  a  sandwich  with  thick- 
c 

nesses  \\,  and  c.,  ^T  1  and  T  (see  Ref.  >41.  figure  10 

nlots  the  calculated  reduced  temperature  1'  /T  vs  d  -  (T  1, 

where  T^  is  the  composite  transition  temperature  and  T =  T  ^  the  iso¬ 
lated  superconductor  transition  temperature.  lor  the  situation  where 
■  I/>  bv  volume  is  superconductor  d  2  and  T  /T  O.S.  A  more  accu- 

rate  calculation  that  used  measured  resistivities  and  specific  heats, 
allowed  for  the  normal  metal  thickness  and  proper  geometrv^^^  ^  should  show 
the  same  1  arge  tlepress  ion  . 

lor  the  ])roximitv  effect  to  operate  good  electrical  contact  be- 
twet^-n  N  arui  must  exist  and  N  must  not  dit't'use  into  S. 

(  >  S  I 

I.xtensue  work  at  West  i n rinuise  under  an  Al'dSR  cx'intract  and 

elsewhere  on  (u-  (Sn-de)-  \b  systems  showetl  that  there  is  little  diffu¬ 
sion  of  (aj  int(^  the  AIT'  compounds.  The  good  electrical  contact  between 
the  Ala  apki  tfie  coating  ('u  is  assured  bv'  the  cleanlin(‘ss  of  the  p»*ocess. 


Curve  694397-A 


Om  in  angstroms 

Fiy.  8-Typical  experimental  curves  of  reduce  transition  temper¬ 
ature  t  of  Pb-Cu  sandwich  vs  Cu  film  thickness  D  for  a  range 

n 

D  of  Pb  film  thickness;  from  Werthamer,  ref  34 
s 


Curve  694396-A 


Fig.9“Transition  temperature  of  Pb-Cu  sandwiches  for  a 
constant  lead  film  thickness  of  150  A;  from  Hauser,  ref  33 


1  S 


Fig.  10“ t  vs  calculated  for  a  superconductor-normal  metal 
sandwich  with  ^  and  ’thick"  normal  layer.  T  and  T 

IM  S  C  CS 

are  transition  temperatures  of  sandwich  and  isolated  bulk  super 
conductor,  respectively;  is  the  superconductor  film  thick¬ 
ness  and  is  normal  metal  coherence  length  at  T  =  Tcs 


Investigations  of  the  extent  of  the  proximity  effect  and  usefulness  of 
obvious  ways  to  defeat  it  are  useful  areas  to  pursue. 


If  the  proximity  effect  is  operating  in  the  Battel le  composite 
and  the  probability  is  high  that  it  is,  the  inescapable  conclusion  of 
this  section  is  that  the  Battelle  process  produces  sizeable  T^-depression 
^1/2  rather  than  a  T^-enhancement . 

2. 8  Further  Considerations 

There  are  two  other  considerations  bearing  on  T^-enhancements . 

When  A  becomes  too  large  materials  can  become  unstable  and  transform 

f  56  371 

electronically  or  structurally.  ’  The  transformed  state  may  have  a 

lower  T^  or  not  even  be  superconducting.  The  situation  is  far  from  clear. 

The  second  consideration  is  the  role  of  a  sharply  varying  density  of 

states  at  the  Fermi  surface  in  raising  T-.  This  consideration  was  first 

1381 

studied  by  Labb4,  Barisic  and  Friedel,^  ^  and  recently  bv  Nettel  and 
(391 

Thomas.  For  present  purposes  an  important  point  is  that  T^  depends 

on  an  average  of  the  density  of  states  about  the  Fermi  energy;  the  range  of 
energies  in  the  averaging  is  roughly  the  width  of  phonon  spectrum.  Small 
particle  effects  could  change  this  averaging  by  moving  the  Fermi  surface 
relative  to  the  density  of  states  structure  and  changing  the  density  of 
states.  The  consequences  of  these  changes  for  T^-enhancement ,  needless 
to  say,  arc  difficult  to  predict. 


3.  UPPER  CRITICAL  FIELD  K 


c2 

Large  enough  magnetic  fields  can  destroy  the  superconductivity 
of  a  material.  This  upper  limit  depends  on  temperature,  T,  and  sample 
condition  and  is  called  the  upper  critical  field  Hc2  ("f)  •  for  extremely 
thin  or  small  samples  the  limiting  field  may  deoend  strongly  on  the 
sample  dimensions  showing  an  increase  with  decreasing  dimensions.  If 
surface  superconductivity  is  not  considered,  for  the  high-T  materials 

o 

this  sensitivity  to  dimensions  is  only  important  for  sizes  <  <  50  A. 

The  Werthamer  ci  al .  theory^^^^  (WHH)  relates  the  H^2  at  T  =  0  K 
to  the  normal  state  resistivity  p,  electronic  specific  heat  y  and  T^. 

This  relation  is 


•X  11^2  fO)  =  f  (a,  p  Y 

where  the  known  function  (see  Hake  Ref.  41)  f  (a,  X  )  accounts  for  nara- 

magTietic  and  spin  orbit  effects.  The  parameters  a,  also  depend  on 

the  material  properties.  The  variation  of  y  with  size  probably  can  be 

neglected  for  this  assessment.  The  T  -enhancements  of  Winter  are  insuf- 

c 

ficient  alone  to  account  for  the  large  Hc2"^i^hancements  of  their  materi¬ 
als.  This  requires  the  manipulation  of  resistivity  by  small  particle  and 
composite  effects  to  achieve  the  large  reported  11^2 - enhancements . 

As  stated  in  the  U.  S.  Patent  No.  4,050,147^^^  the  H^2~ 
enhancement  was  motivated  by  Watson's  work  on  granular  superconductors: 
k  lead  particles  in  an  insulating  matrix.  In  such  a  granular  superconduc¬ 

tor,  the  coiuiiict  i  V i ty  is  limited  by  intergrain  tunneling  which  can  lead 
to  .1  very  large  resistivity. 

for  most  high-1\  materials  the  zero  temperature  Ginzburg -Landau 
0 

coherence  length  ^  75  A  and  for  particle  sizes  greater  than  this  coherence 
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length,  the  resistivity  of  the  particle  not  the  composite  enters  the  WIIll 
theory.  Furthermore  the  metallic  matrix  of  the  Battel le  composites  do 
not  provide  tunneling  barriers  to  limit  the  conductivity.  If  anything 
the  composite  normal  state  resistivity  will  be  lower  than  that  of  the 
superconductor . 

In  bulk  Nb3Sn,  (0)  =  22  tesla,  T  =  17.8  K  and  a  mean 

o  ^  ^ 

free  path  i  13  k  is  achieved  (p  ^  l/^?/).  From  the  reported  Hep  data 
(Table  1),  mean  free  paths  in  the  superconducting  particles  were  extracted 
using  the  conventional  Werthamer  et  al .  theory.  Winter’s  best  results  in 

o 

100  A  Nb3Sn  particles  are  Hq2  =  ^1  tesla,  T  =  24.7  K  with  a  mean  free 

o  ^ 

path  i  -  5  A.  It  is  only  remotely  possible  that  extra  scattering  which 
would  shorten  the  mean  free  path  is  coming  from  the  sunerconductor-normal 
metal  boundary.  Thus,  this  mean  free  path  is  felt  to  be  unphysical  when 

o 

compared  with  the  interatomic  spacing  [1/2  (lattice  constant)  =  2.64  A] 
and,  in  view  of  the  strong  correlation  between  T^,  order  and  stoichiome¬ 
try,  incompatible  with  the  high-T^. 

Because  of  the  short  coherence  length  for  Nb3Sn  it  does  not 
seem  possible  to  increase  1\q2  through  small  particle  effects.  The  resis¬ 
tivity  would  be  limited  by  intragrain  scattering  not  particle  size.  Fx- 

(42) 

periments  also  support  this  view  for  NbpGe  and  it  is  reasonable  to 

extend  this  view  to  all  A15  and  high-T^  materials.  The  situation  for  the 

Bl’s,  especially  NbN,  is  not  clear  cut.  Some  experiments  on  the  Hcp  of 

(42) 

NbN  show  no  size  effects  and  support  a  view  similar  to  the  one  that 

obtains  for  the  A15.  Other  experiments  show  a  strong  dependence  of 
(45) 

on  film  thickness.  Conclusion  about  -enhancements  in  the  Bl’s 

cannot  be  made  with  the  present  information. 


4.  CONCLUSIONS  AND  DISCUSSION 


Theoretical  and  experimental  work  point  to  the  conclusion  that 
no  T ^-enhancements  from  small  particle  effects  should  be  expected  for 

materials.  Similarly,  no  enhancements  are  expected  from  par¬ 
ticle  sizes  in  the  100  A  range.  The  claims  of  Winter  are  believed  to  be 
unreasonable  extrapolations  from  an  incomplete  theoretical  basis. 

To  reinforce  our  evaluation  we  report  that  negotiations  to 
obtain  samples  from  Battelle  for  an  independent  evaluation  by  Westinghouse 
resulted  recently  in  admission  by  Battelle  that  these  data  were  "not 
directly  measured  .  .  .  but  rather  derived  by  extrapolation  from  measure¬ 
ments  applying  theoretical  methods."  Our  present  conclusion  is  that  a 
breakthrough  in  obtaining  higher  T^^  and  Hc2  did  not  and  is  not  expected 
to  occur  in  fine  particle  composites. 

Though  not  documented  in  this  report,  an  evaluation  of  the  me¬ 
chanical  properties  was  made.  In  contrast  to  the  negative  assessment  of 
the  superconducting  behavior  of  the  Battelle  composites,  the  mechanical 
properties  and  the  mechanical  load  tolerance  claimed  are  plausibly  supe¬ 
rior  to  both,  conventional  filamentary  and  "in-situ"  wire.  Whether 
m  i  c  ro})art  ic  1 0  superconducting  composites  can  be  fabricated  by  Winter's 
approach  or  some  other  technique  to  exhibit  advantageous  mechanical  prop¬ 
erties  torether  with  reasonable  T  's,  and  J  *s,  typical  of  MS  and 

B1  Ivjlk  superconductors,  remains  to  be  seen. 

Work  in  this  direction  was  performed  at  West i nghouse  employing 
a  t(‘chnique  different  fn'ini  the  arc  plasma  method.  With  partial  support 
of  Ak'OSR,  Charles  et  al  .  at  Westinghouse  RiiD  Center  have  recently  pro¬ 
duced  fine  particles  of  \i)  b>'  licjuid  sodium  reduction,  the  particle  size 

o 

ranging  between  100  and  SOO  A.  Oitical  temperature  measurements  ot 
loose  particle  agglomerates  <^f  Nb  gave  •  8  K  while  bulk  Nb  has 
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T  9 .  K.  \Vc  consider  this  to  l)c  an  eneourai^  i  nr,  result  in  view  of  un- 
e 

avoi  liable  eont  anii  nat  i  on  witli  sodium  oxyj.’cn,  etc.  it  surliest  s  that,  per¬ 
haps,  fine  novvders  of  A15  or  Bi  compounds  would  also  be  obtained  with 
d  's  a]iproachi ny,  bulk  values.  Would  the  ^  not  be  der^raded  too  much 
after  molding  into  the  normal  matrix  a  ductile  superconductor  could 
result  exhibiting  an  attractive  tradc-off  between  superconducr ing  and  me¬ 
chanical  properties.  An  abstract  of  a  talk  on  this  work  was  submitted  to 

(43) 

the  ’’March”  meeting  of  the  American  Physical  Society  (March  1978). 

In  considering  the  arc-plasma  synthesis  it  is  important  to  note 
that  due  to  extremely  fast  quenching  rates,  and  the  ability  to  incorporate 
controlled  amounts  of  impurities,  the  process  might  be  capable  of  pro¬ 
ducing  c[uantities  of  metastable  (Nb3Ge,  Nb3Si?)  or  new  compounds  not  ob¬ 
tainable  by  metallurgical  methods.  West ingliouse  has  a  major  arc-plasma 
process  development  for  tlie  Jet  Pro]H;lsion  Laborator>’  that  is  aimed  at 
gene  ra  ting  i  nexpens  i  ve  pure  s  i  1  i  con .  A  mucli  sma  1  1  e  r  A 1 3  o  r  B 1  a  rc  -  n  1  asma 
synthesis  program  could  ’’piggy  back”  on  tlic  on-going  effort. 

To  utilize  the  mechanical  advantages  of  small  particle  compo¬ 
sites  wliile  maintaining  acceptable  superconducting  l^chavior,  proximity 
effects  must  be  defeated  and  ac  losses  limited.  A  good  understanding,  of 
these  effects  is  a  first  step  in  their  control.  7'he  prox  i  mi  t>’  effects 
can  also  be  present  even  when  conductions  occurs  by  percolation  as  in 
recent  ”  in- situ”  configurations. 


APPENDIX  A 


The  analysis  of  Bergman  and  Rainer^^'"’^  identifies  the  important 
position  of  the  phonon  spectrum  for  and  provides  insight  into  soften¬ 
ing  effects.  Then  \>rork  is  briefly  sketched  and  applied  to  the  A15  in 
this  appendix. 

These  authors  use  the  functional  derivative  6T^/6n^F(u))  to  de¬ 
termine  what  frequency  range  of  is  important  for  T^.  This  deriva¬ 

tive  gives  the  change  AT^  for  a  change  A  (a^F(w))  and  is  defined  by 

6T 

dcj  - ^ —  A 

6a^F  ((a)) 

Their  calculations  show  that  6T^/6a^F (w)  rises  linearly  from  zero  to 
u/  =  0  and  has  a  maximum  at  a  frequency  (energy)  slightly  above  an  "opti¬ 
mum”  hw  -  then  falls  off  (see  Figure  4).  No  calculations 

arc  available  or  will  be  made  of  the  functional  derivative  for  the  AlS’s. 
Instead  the  general  properties  or  shape  just  described  will  be  assumed 
to  hold  for  this  new  group  of  materials. 

The  general  form  of  this  function  is  superimposed  on  a^F((A))  in 
Figure  5.  The  peak  of  (ST^/6a^F  is  placed  at  -hio  =  2T7kT^.  Figure  6  shows 
a  siiift  In  G(io)  (density  of  state  from  neutron  scattering)  induced  by  a 
real  softening;  Nb3Sn  softens  when  the  temperature  is  reduced  from  297  K 
to  S.6  K.  The  change  in  <(a)^>  is  s.  14%.  If  a^F((ij)  in  Figure  5  behaves  in 
a  similar  way  when  softening  is  caused  by  small  particle  effects  then  a 
negligible  change  in  T^  from  softening  would  be  predicted.  The  phonon 
density  of  states  for  V-^Si  and  V^Ga  are  presented  in  Figure  7  along  with 
the  expected  positions  of  the  peak  of  5T^/6q(^F (o))  at  hia  -  27TkT^  for  the 
two  h i  gh-temperature  AlS's.  A  comparison  of  G((a))  and  a^F((A))  in  Figure  S 


(a^FCu))}  . 
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Fig. 4-The  functional  derivative  6  T  /6a  F  (u)  and  the  spectral 
2  ^ 

function  a  F  (u)  vs  energy Ticjfor  crystalline  (cr)  and  amorphous 
(am)  Pb;  from  Bergmann  and  Rainer,  ref  15 


Curve  693700-A 
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Fig;  5- Schematic  6  T  /6  a  F  ((i  vs  energy Tiu 

^  2 

superposed  on  a  plot  of  a  F  (ul  vs  Ti  ufor  Nb,Sn; 
after  Schweiss  et  al,  ref  28 


Curve  694398-A 
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Fig.  7-T emperature  dependence  of  phonon  density  of  states 
G  y  vs  energyti  u  for  V^Si  and  V,Ga.  The  position  of  the 

peak  of  6T  /6  a  F(u>  is  marked  by  the  arrow;  G(u)  after  Schweiss 
0 

et  al  ref  28 


I'or  \b  ^Sn  shows  their  similarit\’  fur  low  f  rec|iienc  i  cs .  Wo  assiuno  the 
saint*  holJs  for  the  (Uhor  AlS's  and  becaiist'  of  the  smallness  of  near 

hi^  J'l  kT  net’li^ible  chanties  in  T  t'roni  softeninv:  is  exneeted.  This  is 

consistent  with  experiments  that  transforming,  and  non  t  ran  s  form  i  ru’  ViSi 

[  jp  ) 

have  T  *s  differing  for  at  inost  several  tenths  K.  Presumr.blv’  tlie 

c 

tw(')  forms  have  softened  differently.  Two  other  AlS's,  \' .f’.e  and  Nb-^Al 
look  like  V  :{Si  at  low  freuuencies  and  therefore  by  analoLte>usly  leasonin^; 

KiMild  not  sluiw  si:pHfi^ant  chanv.es  in  T  on  softening.  'I'he  chanye  in 

....  >  J  S  I 

.  on  Ci)o  1  i  ny  \  .  S  I  is  is  . 
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